Neutrophil recruitment from blood to extravascular sites of sterile or infectious tissue damage is a hallmark of early innate immune responses, and the molecular events leading to cell exit from the bloodstream have been well defined 1, 2 . Once outside the vessel, individual neutrophils often show extremely coordinated chemotaxis and cluster formation reminiscent of the swarming behaviour of insects [3] [4] [5] [6] [7] [8] [9] [10] [11] . The molecular players that direct this response at the single-cell and population levels within the complexity of an inflamed tissue are unknown. Using two-photon intravital microscopy in mouse models of sterile injury and infection, we show a critical role for intercellular signal relay among neutrophils mediated by the lipid leukotriene B4, which acutely amplifies local cell death signals to enhance the radius of highly directed interstitial neutrophil recruitment. Integrin receptors are dispensable for long-distance migration 12 , but have a previously unappreciated role in maintaining dense cellular clusters when congregating neutrophils rearrange the collagenous fibre network of the dermis to form a collagen-free zone at the wound centre. In this newly formed environment, integrins, in concert with neutrophil-derived leukotriene B4 and other chemoattractants, promote local neutrophil interaction while forming a tight wound seal. This wound seal has borders that cease to grow in kinetic concert with late recruitment of monocytes and macrophages at the edge of the displaced collagen fibres. Together, these data provide an initial molecular map of the factors that contribute to neutrophil swarming in the extravascular space of a damaged tissue. They reveal how local events are propagated over large-range distances, and how auto-signalling produces coordinated, self-organized neutrophil-swarming behaviour that isolates the wound or infectious site from surrounding viable tissue.
Neutrophil recruitment from blood to extravascular sites of sterile or infectious tissue damage is a hallmark of early innate immune responses, and the molecular events leading to cell exit from the bloodstream have been well defined 1, 2 . Once outside the vessel, individual neutrophils often show extremely coordinated chemotaxis and cluster formation reminiscent of the swarming behaviour of insects [3] [4] [5] [6] [7] [8] [9] [10] [11] . The molecular players that direct this response at the single-cell and population levels within the complexity of an inflamed tissue are unknown. Using two-photon intravital microscopy in mouse models of sterile injury and infection, we show a critical role for intercellular signal relay among neutrophils mediated by the lipid leukotriene B4, which acutely amplifies local cell death signals to enhance the radius of highly directed interstitial neutrophil recruitment. Integrin receptors are dispensable for long-distance migration 12 , but have a previously unappreciated role in maintaining dense cellular clusters when congregating neutrophils rearrange the collagenous fibre network of the dermis to form a collagen-free zone at the wound centre. In this newly formed environment, integrins, in concert with neutrophil-derived leukotriene B4 and other chemoattractants, promote local neutrophil interaction while forming a tight wound seal. This wound seal has borders that cease to grow in kinetic concert with late recruitment of monocytes and macrophages at the edge of the displaced collagen fibres. Together, these data provide an initial molecular map of the factors that contribute to neutrophil swarming in the extravascular space of a damaged tissue. They reveal how local events are propagated over large-range distances, and how auto-signalling produces coordinated, self-organized neutrophil-swarming behaviour that isolates the wound or infectious site from surrounding viable tissue.
Neutrophil swarming has been observed using intravital microscopy in inflamed, infected or sterilely wounded tissues [3] [4] [5] [6] [7] [8] [9] [10] [11] 13 , and a series of sequential phases have been described 3, 4 : (1) initial chemotaxis of individual neutrophils close to the damage, followed by (2) amplified chemotaxis of neutrophils from more distant interstitial regions, leading to (3) neutrophil clustering. To study the molecules controlling these distinct neutrophil-response phases, we used an inducible model of sterile skin injury in which a brief intense two-photon laser pulse causes focal, dermis-restricted tissue damage ( Supplementary Fig. 2 ) 4 . We were specifically interested in how neutrophils coordinate swarming in the extravascular space, so we performed two-photon intravital microscopy (2P-IVM) of neutrophils that had already exited blood vessels and entered a mildly inflamed dermis before laser damage. Focal injury induced substantial interstitial chemotaxis of lysozyme 2-green fluorescent protein (Lyz2-GFP, also known as LysM-GFP)-positive neutrophils/monocytes that lasted ,25-40 min before cells accumulated in a cluster at the damage site and recruitment stopped (Fig. 1a) . The dynamic behaviour of neutrophils differed from CX3CR1-positive macrophages/monocytes in the same environment, with mice (myelomonocytic cells in green-yellow, stroma in red) (a) and DsRed 1/1 Cx3cr1 gfp/gfp Tyr c-2J/c-2J mice (macrophages/monocytes in green, neutrophils and stroma in red) (b, top). Cell tracks over the last 10 min (n 5 4) (b, bottom). Scale bars, 50 mm. Time, h:min. c, Distance-time plot (DTP) of intradermal (i.d.) injected bone marrow neutrophils; individual cell-migration paths towards the damage site are each highlighted with instantaneous chemotactic index (colour) and velocity (opacity). Representative experiment of n 5 169. a chemotactic response only after an initial neutrophil cluster had formed. In contrast to neutrophils, macrophages/monocytes never entered the developing cell cluster, but assembled around it during cessation of the neutrophil swarm growth (Fig. 1b, Supplementary  Fig. 3a and Supplementary Video 1). As reported previously, the early dynamics of endogenous neutrophils were biphasic ( Supplementary  Fig. 3b ) and similar for neutrophils that were isolated from mouse bone marrow ( Fig. 1c and Supplementary Video 2) or human peripheral blood ( Supplementary Fig. 3c ) and then injected into the dermis. In 79% of the experiments (169 out of 213), a first phase (1-15 min) of initial neutrophil chemotaxis close to the damage was followed by a dramatic second phase of substantial neutrophil recruitment from distant sites involving markedly increased directionality and speed (Fig. 1c) . We noticed the appearance of cell fragments around developing neutrophil clusters, suggesting that cell death could lead to release of components driving neutrophil swarming 14 . Using propidium iodide, we detected a clear kinetic correlation between the death of a few neutrophils at the damage site and the onset of the amplified second phase of neutrophil recruitment (Fig. 2a, Supplementary Figs 4 and 5a and Supplementary Video 3). Most of the neutrophils in the developing cell cluster remained viable ( Supplementary Fig. 5b ), suggesting that the death of only a small number of neutrophils was sufficient to drive the substantial chemotactic response of the neutrophil population.
Although neutrophil death appeared to serve as a catalyst for swarming, it was unclear how such a signal would propagate through the structurally dense tissue in just a few minutes to initiate acute chemotaxis of neutrophils at sites more than 300 mm away from the core lesion, and also maintain directional migration for ,25-40 min. To investigate the nature of this signal, we performed intradermal co-injection experiments with control and gene-deficient neutrophils and imaged them side by side in the same tissue volume in each experiment. The experimental set-up eliminated problematic quantitative comparisons based on measurements of wild-type and mutant cells imaged in different experiments that can be influenced by varying tissue composition in the imaging volume ( Supplementary Fig. 6 ). More importantly, this protocol bypassed the extravasation step, which allowed for the study of neutrophils depleted of molecules essential for vessel exit.
Neutrophils express more than 30 cell-surface receptors for various attractants, which upon activation and signalling rearrange the cytoskeleton to yield a functionally polarized neutrophil that is poised for directed migration 15, 16 . In these cells, most G-protein-coupled receptors (GPCRs) act through the predominantly expressed Ga i isoforms Ga i2 and Ga i3 . We found that only neutrophils genetically lacking Ga i2 (Gnai2
), show impaired interstitial chemotaxis ( Supplementary Fig. 7 ) 17 . As Ga i2 couples to several neutrophil GPCRs, we next investigated the function of individual GPCRs. Most knockouts for single receptor genes tested (Fpr1, Fpr2, Cxcr2, Supplementary Fig. 8 and Supplementary Video 4; C5ar1, Ccr1, Ccr2, Ccr5, Cxcr6, Ptafr, P2ry2, data not shown)-many of which have been previously reported to have important roles in inflammatory, infectious or autoimmune conditions (Supplementary Information)-showed normal interstitial chemotaxis, indicating that their respective ligands are not uniquely involved in the recruitment phase of the swarming response. Similarly, migration of neutrophils lacking receptors that detect the presence of danger signals (Myd88, Il1r1, Tnfrsf1a and Il1r1, P2rx7) was normal (data not shown). However, neutrophils lacking the high-affinity receptor for leukotriene B4 (LTB4) showed a uniquely impaired swarming response. During early phases (,15 min), Ltb4r1 2/2 neutrophils close to the damage site still performed chemotaxis towards the wound, whereas cells from more distant sites were only poorly recruited (Fig. 2b, Supplementary Fig. 9a and Supplementary Video 5), a phenotype that became even more striking when RESEARCH LETTER the damage size was smaller (Fig. 2c, Supplementary Fig. 10 and Supplementary Video 6). This reduction in neutrophil recruitment was mainly due to impaired chemotaxis rather than chemokinesis, and was most obvious during the late phases of the swarming response (.15 min) ( Supplementary Fig. 9b ).
In inflamed tissues, LTB4 can originate from several cellular sources. Earlier studies implicated a role for neutrophil-derived LTB4 in the initial stages of neutrophil recruitment from blood into inflamed tissues and disease progression [18] [19] [20] [21] [22] . To examine whether neutrophils autoamplified the swarming response through LTB4 production and signalling, we performed injection studies into 5-lipoxygenase-deficient mice (Alox5
) that cannot synthesize leukotrienes, such that only injected neutrophils could act as an LTB4 source. When co-injected with control cells, Ltb4r1 2/2 neutrophils again showed impaired interstitial chemotaxis and recruitment from distant sites (Fig. 2d , Supplementary Fig. 11 and Supplementary Video 7). When LTB4-secreting wild-type neutrophils were injected alone, they migrated to the injury from distances .200 mm and formed large clusters. By contrast, when we injected Alox5 2/2 neutrophils alone into Alox5 2/2 hosts so that no leukotrienes were present, only neutrophils close to the damage site (,100 mm) were transiently recruited, resulting in small neutrophil clusters ( Supplementary Fig. 12 ). Although these experiments establish an important role for neutrophil-derived LTB4 in recruiting neutrophils from distant sites in a feed-forward manner, they also show the existence of short-range chemotactic signals from the initial tissue injury and/or locally dying cells, as even in the absence of leukotrienes small clusters can form. We conclude that several of these initial primary factors not only act as short-range chemotactic signals, but also induce LTB4 secretion in neutrophils to acutely enhance the radius of neutrophil recruitment ( Supplementary Fig. 1, panels 1-4) , consistent with previous data on multiple LTB4-inducing factors [22] [23] [24] [25] . This model is in agreement with earlier in vitro studies showing that primary signals induced secretion of LTB4 that acts as a signal relay molecule to improve chemotaxis of a whole neutrophil population 23 . Because LTB4 not only induces intracellular polarity to direct chemotaxis, but can also regulate neutrophil adhesiveness by activating integrin receptors 26, 27 , we next targeted integrin functionality by injecting neutrophils deficient for talin (Tln1
2/2
). Talin interaction with integrin cytoplasmic domains is crucial for integrin activation, substrate binding and coupling of filamentous actin to adhesion sites 28 . Because interstitial chemotaxis of Tln1 2/2 cells was unimpaired ( Supplementary Fig. 13 and Supplementary Video 8), high-affinity integrin function was dispensable for neutrophil interstitial migration in vivo, thus confirming earlier studies with dendritic cells in skin explants 12 .
Together, our results demonstrate that LTB4 has a nonredundant role in directing tissue-migrating neutrophils to sites of tissue injury by activating chemotaxis signal pathways.
We next sought to analyse the subsequent step of swarming when neutrophils accumulate and form substantial cell clusters. Visualization of the dense dermal collagen network using the second harmonic generation signal showed clearance of visible fibres from the core of the wound where the densest clustering occurred (Fig. 3a) , an effect that was not due to thermal damage ( Supplementary Fig. 14a, b) . Congregating neutrophils appeared to physically exclude collagen fibres from the core of the cell infiltrate (Supplementary Video 9), although some limited proteolysis of extracellular matrix structures cannot be ruled out. Notably, monocytes always aligned along collagen fibres at the outer edges of the cell cluster, suggesting that neutrophils are specifically adapted to enter the collagen-free centre ( Supplementary Fig. 14c ). When we visualized both endogenous neutrophils and the cellular actin cortex of injected Lifeact-GFP 1/2 neutrophils in the collagenfree wound core, we could clearly observe neutrophils migrating in contact with each other with motion paths and focal filamentous actin accumulations that were suggestive of adhesive interactions (Supplementary Video 10). Indeed, when Tln1 2/2 or Itgb2 2/2 (b2 integrindeficient) neutrophils were co-injected with control cells, they showed a striking phenotype, as they were completely unable to enter the collagen-free zone and accumulated at the edge of the wild-type neutrophil cluster (Fig. 3b, c and Supplementary Videos 11, 12) . Deficiency in either LFA-1 (Itgal
) had a measurable effect on central accumulation, suggesting that both were involved in cell adhesion and movement within the collagen-free zone ( Fig. 3c and Supplementary Fig. 15a ). These unexpected findings indicate that high-affinity integrins are critical for neutrophil accumulation in the collagen-free wound centre, which fundamentally differs in its extracellular architecture from the surrounding intact dermal interstitium where leukocyte migration does not require high-affinity integrin function.
We next examined the role of GPCR signals in regulating neutrophil aggregation at the wound. Gnai2 2/2 neutrophils were excluded from the central neutrophil cluster over time, whereas Gnai3 2/2 accumulated normally ( Supplementary Fig. 15b and Supplementary Video 13). When investigating individual GPCRs, we detected impaired aggregation for neutrophils lacking CXCR2, FPR2 or LTB4R1, with the latter showing the strongest impact on the aggregation response (Fig. 3d, f and Supplementary Video 14; other tested GPCR or receptors had no effect, Supplementary Fig. 15 ). In contrast to adhesion-deficient Tln1 2/2 cells, Ltb4r1 2/2 neutrophils were intermixed with wild-type and wild-type neutrophils were injected into Alox5 2/2 hosts ( Fig. 3f  and Supplementary Video 14) , indicating that neutrophils secrete LTB4 to regulate clustering in a feed-forward manner. Detection of ligands for other cluster-mediating receptors, such as CXCL2 for CXCR2 and CRAMP for FPR2, in accumulating neutrophils (Supplementary Fig. 16b) suggests that signalling through multiple GPCR, especially LTB4R1, may act to increase neutrophil aggregation to maintain tight association and motility for continued uptake of cellular wound debris or potential pathogens in the cellular cluster (Supplementary Fig. 1, panels 5-8) .
Our findings thus identify a crucial dual function for LTB4 in both the recruitment and the clustering phases of the swarm response to sterile injury. To test the relevance of these findings in an infectious situation, we investigated the role of LTB4 during transient neutrophil swarming in infected lymph nodes 3 . We have shown previously that Pseudomonas aeruginosa induces cell death of subcapsular macrophages, which subsequently leads to neutrophil recruitment to the lymph node 29 . Whereas endogenous neutrophils in control mice formed several large but transient cell clusters and were highly chemotactic between the competing transient clusters, Ltb4r1 2/2 neutrophils were slower and formed only very small, if any, clusters ( Fig. 4a and Supplementary Video 15). Consequently, neutrophil cluster diameter and persistence were significantly lower in the absence of LTB4 signalling (Fig. 4b, c) , thus confirming the results of the controlled inducible model of focal laser skin injury and extending them to other tissues, forms of cell death and infectious conditions. The chemoattractants that direct the neutrophil tissue response can stem from the injured tissue, resident cells, recruited blood-derived leukocytes and potential pathogens. The specific mixture of these various signals will determine the neutrophil chemotactic response at each inflammatory or infectious site. In large sterile liver injuries, integrin-dependent intravascular neutrophil migration requires CXCR2 ligands on liver sinusoids and formyl peptides in the injury zone 13 .
Here we have investigated extravascular neutrophil swarming at very small focal sites of sterile tissue injury in the skin (,1,0003 smaller than those examined in the liver model) 4 and in infected lymph nodes 3 . We found that local cell death initiates dramatic swarm-like interstitial neutrophil recruitment and clustering, with a key role for LTB4 as a unique intercellular communication signal between neutrophils that allows rapid integrin-independent neutrophil recruitment through the tissue. Such insights should prove useful for studies in which local sterile or pathogen-induced cell death characterizes innate immune cell dynamics [3] [4] [5] [6] [7] [8] [9] [10] [11] , and the molecules identified may serve as potential targets for therapeutic intervention in destructive neutrophil-dependent inflammatory processes.
METHODS SUMMARY
Mice. Supplementary Information lists all mouse strains used in this study. All mice were maintained in specific-pathogen-free conditions at an Association for Assessment and Accreditation of Laboratory Animal Care-accredited animal facility at the NIAID and were used under a study protocol approved by NIAID Animal Care and Use Committee (National Institutes of Health). 2P-IVM and focal tissue damage. 2P-IVM of ear pinnae of anaesthetized mice was performed as previously described 5 . For the study of endogenous innate immune cells in the extravascular space, anaesthetized transgenic reporter mice underwent a 15-s skin trauma to recruit neutrophils from the circulation to the dermal interstitium, 3-4 h before focal tissue damage was induced. For genefunction experiments, neutrophils were isolated from bone marrow of control and gene-deficient mice, differentially dye-labelled, and injected intradermally at a 1:1 ratio into Tyr c-2J/c-2J mice, 2-3 h before focal tissue damage was induced. Focal tissue damage by a brief two-photon laser pulse (80 mW) has been described previously 4 . All imaged mice were on the Tyr c-2J/c-2J (B6.Albino) background to avoid laser-induced cell death of light-sensitive skin melanophages. Image analysis. Three-dimensional object tracking using Imaris (Bitplane) retrieved cell spatial coordinates over time. These data were further processed using routines developed in the open source programming language R to retrieve dynamic parameters over time for individual cells (distance-time plot) and cell populations (radial velocity-time plot). For details on the source code and definition of chemotactic index, radial velocity and accumulation index, see Supplementary Information. Student's t-tests were performed after data were confirmed to fulfil the criteria of normal distribution and equal variance, otherwise MannWhitney U-tests were applied. Analyses were performed with GraphPad Prism 5 software. gfp/gfp40 and Il1r1 2/241 mice were obtained from Taconic Laboratories through a special contract with the NIAID. All other mouse strains were purchased from Jackson Laboratories. All mice were maintained in specific-pathogen-free conditions at an Association for Assessment and Accreditation of Laboratory Animal Care-accredited animal facility at the NIAID and were used under a study protocol approved by NIAID Animal Care and Use Committee (National Institutes of Health). 2P-IVM of ear skin and infected lymph nodes. Two-photon intravital imaging of ear pinnae of anaesthetized mice was performed as previously described 5, 42 . Mice were anaesthetized using isoflurane (Baxter; 2% for induction, 1-1.5% for maintenance, vaporized in an 80:20 mixture of oxygen and air) and placed in a lateral recumbent position on a custom imaging platform such that the ventral side of the ear pinna rested on a coverslip. A strip of Durapore tape was placed lightly over the ear pinna and affixed to the imaging platform to immobilize the tissue. Care was taken to minimize pressure on the ear. Images were captured towards the anterior half of the ear pinna where hair follicles are sparse. Images were acquired using an inverted LSM 510 NLO multiphoton microscope (Carl Zeiss Microimaging) enclosed in a custom-built environmental chamber that was maintained at 32 uC using heated air. This system had been custom fitted with three external non-descanned photomultiplier tube detectors in the reflected light path. Images were acquired using a 253/0.8 numerical aperture (NA) PlanApochromat objective (Carl Zeiss Imaging) with glycerol as immersion medium. Fluorescence excitation was provided by a Chameleon XR Ti:Sapphire laser (Coherent) tuned to 850 nm for dye excitation and generation of collagen second harmonic signal, or 920 nm for enhanced GFP (eGFP) excitation and 940 nm for excitation of both DsRed and eGFP. For four-dimensional data sets, threedimensional stacks were captured every 30 s, unless otherwise specified. All imaged mice were on the Tyr c-2J/c-2J (B6.Albino) background to avoid laser-induced cell death of light-sensitive skin melanophages 43 . 2P-IVM on P. aeruginosa-infected lymph nodes was performed as previously described 29 . 10 7 colony-forming units of GFP-expressing Pseudomonas aeruginosa 44 (provided by M. Parsek) were diluted in PBS and injected in the footpad (30 ml) of wild-type Lyz2 gfp/1 and Ltb4r1 2/2 Lyz2 gfp/1 mice and draining lymph nodes imaged at indicated times after infection using a Zeiss 710 microscope equipped with a Chameleon laser (Coherent) and a 203 water-dipping lens (NA 1.0, Zeiss). The microscope was enclosed in an environmental chamber in which anaesthetized mice were warmed by heated air, and the surgically exposed lymph node was kept at 36-37 uC with warmed PBS. For 2P-IVM of the subcapsular sinus, we used a z-stack of 40-50 mm, 3-mm step size and acquired images every 40 s. Raw imaging data were processed with Imaris (Bitplane) using a Gaussian filter for noise reduction. All images and movies are displayed as two-dimensional maximum-intensity projections of 10-30-mm-thick z-stacks. (macrophages/monocytes, stroma and neutrophils) mice. These animals were anaesthetized with isoflurane and underwent a brief skin trauma to recruit neutrophils from the circulation to the dermal interstitium. The anaesthetized mouse was placed on a scale and 30 N per cm 2 pressure was applied for 15-20 s on the mouse ear with the investigator's thumb. As this method induced initial neutrophil extravasation that stopped after 2-3 h, this method was superior to other tested common inflammatory treatments (for example, chemical skin irritation) that all lead to neutrophil recruitment from blood over longer time periods. Three hours after brief skin trauma, mice were prepared for skin imaging as described above and rested in the heated environmental chamber for 30-60 min before the first focal tissue damage was induced. Neutrophil isolation, labelling and i.d. injection. For i.d. injection experiments, mouse neutrophils were isolated from bone marrow using a three-layer Percoll gradient of 78%, 69% and 52% as previously described 45 . Neutrophils were collected at the 69-78% interface and were highly purified (.98%) as indicated by Lyz2-eGFP hi Ly6G pos Ly6C neg phenotype in flow cytometry 46 (data not shown), with viability .98% by trypan blue staining. Neutrophils were washed three times with washing buffer (13 Hank's balanced salt solution, 1% FBS, 2 mM EDTA). If further labelled with cell dyes, neutrophils were incubated for 15 min with either 0.8 mM cell tracker red (CMTPX) or 1 mM cell tracker green (CMFDA) in 13 HBSS supplemented with 0.0002% (w/v) pluronic F-127 (all Life Technologies). Neutrophils were washed four times with washing buffer, before a 1:1 ratio of differentially labelled control and gene-deficient neutrophils (each .2 3 10 6 cells) was taken up in 13 PBS at a volume of 15-30 ml. A volume of 5 ml neutrophil suspension was injected intradermally with an insulin syringe (31.5 GA needle, BD Biosciences) into the ventral side of the mouse ear pinnae. Recipient mice were always on the Tyr c-2J/c-2J (B6.Albino) background. Two hours after injection, mice were prepared for skin imaging as described above and rested in the heated environmental chamber for 30-60 min before the first focal tissue damage was induced. . In these mice, Cre expression in the haematopoietic system was induced by intraperitoneal injection of 250 mg Poly(I):Poly(C) (Amersham Biosciences). Five days after knockout induction neutrophils were isolated from bone marrow with high efficiency of talin depletion 12 .
For most injection experiments, we interchanged dyes to exclude unspecific effects and never observed differences in migration or accumulation phenotypes. Whereas cell tracker green labels neutrophils homogeneously, cell tracker red gives a polarized neutrophil staining over time. Cell tracker red also leaks over time from cells, resulting in background fluorescence in the tissue and some fluorescent resident, non-motile, elongated macrophages taking up the dye. For experiments with human neutrophils, heparinized whole blood was obtained by venipuncture from healthy donors. Blood samples were obtained from anonymous blood donors enrolled in the NIH Blood Bank research program. Human neutrophils were isolated with Lympholyte-poly Cell Separation Media (Cedarline) as previously described 48 .
Residual erythrocytes were removed using ammonium-chloride-potassium lysis buffer (Lonza). Focal tissue damage. A protocol for focal skin tissue damage by a focused twophoton laser pulse has been described previously 43 and used with slight modifications. The Chameleon XR Ti:sapphire laser (Coherent) was tuned to 850 nm and the laser intensity adjusted to 80 mW. At pixel dimensions of 0.14 3 0.14 mm, a circular region of interest of 25-35 mm in diameter (approximately 1-2 3 10 26 mm 3 in volume) (unless otherwise specified) was defined in one focal plane, followed by laser scanning at a pixel dwell time of 0.8 ms for 35-50 iterations, depending on the tissue depth of the imaging field of view. The damage was restricted to dermal layers only ( Supplementary Fig. 2 ). Immediately after laserinduced tissue damage, imaging of the neutrophil response was started at typical voxel dimensions of 0.72 3 0.72 3 2 mm. We performed a maximum of three consecutive experiments per mouse ear. Data analysis. Three-dimensional object tracking using Imaris (Bitplane) retrieved cell spatial coordinates (x, y, z) over time. These data were further processed using routines composed in the open source programming language R (source code in Supplementary Material) to retrieve dynamic parameters for individual cells (distance-time plot, DTP) and cell populations (radial velocity-time plot). The chemotactic index was defined as cos(a), with a as the angle between the distance vector to the damage site and the actual movement vector (Supplementary Fig. 4 ). The instantaneous radial velocity is the product of the chemotactic index and the cell's instantaneous velocity (migrated distance over 30 s). Reconstructed cell tracks were filtered using a moving average with a width of 2.5 min to suppress spurious direction changes due to limited resolution of the tracking algorithm and small scale features such as other cells in the path of the migrating cell. Paths that had durations of less than 3 min were dropped. Velocities and the chemotactic index were calculated using central differences from the filtered paths. Plots including regression lines were generated using the ggplot2 package (version 0.8.9) for R (version 2.13.1).
The accumulation index as measure of cell entry into the collagen-free zone was defined as the ratio of fluorescent signal from gene-deficient cells in the collagenfree zone versus total signal at the wound site divided by the ratio of fluorescent signal from control cells in the collagen-free zone versus total signal at the wound site. Fluorescent signals from static 2P-IVM images were quantified in ImageJ software (National Institutes of Health). Immunofluorescence in ear skin whole mounts. One to two hours after induction of several focal tissue damage sites, mice were euthanized, ears excised, divided into dorsal and ventral halves, ventral halves fixed in 1% paraformaldehyde (Electron Microscopy Sciences) and stained with antibodies diluted in washing buffer consisting of 13 PBS, 1% BSA and 0.025% (v/v) Triton X-100 (SigmaAldrich). For identification of neutrophils in mice, ventral ear whole mounts were stained with Alexa Fluor 647 anti-mouse Ly-6G Antibody (clone 1A8, BioLegend) 49 . For detection of CXCL2 (MIP-2) and CRAMP in neutrophil clusters, anti-MIP2 antibody (R&D Systems), anti-CRAMP antibody (Phoenix Pharmaceuticals), rabbit IgG isotype control and goat IgG isotype control (both Southern Biotech) were all conjugated to Alexa Fluor 555 according to the manufacturer's instructions (Life Technologies). Fixed ventral ear halves of Lyz2 gfp/gfp mice were blocked with 10% normal goat serum or normal rabbit serum (both Southern Biotech) in washing buffer before staining with the Alexa Fluor 555-conjugated antibodies. All Alexa Fluor 555-conjugated antibodies gave strong punctate staining in the dermal tissue, but isotype controls never gave RESEARCH LETTER
